The effects of supplying increasing ruminal doses of exogenous polysaccharide-degrading enzymes (EPDE) on rumen fermentation and nutrient digestion were studied using eight ruminally cannulated heifers, four of which were also duodenally cannulated, in a replicated Latin square. The heifers were fed a diet of 85.5% rolled barley grain and 14% barley silage (DM basis), and once daily they were given intraruminal doses of 0 (Control), 100, 200, or 400 g of a preparation containing polysaccharide-degrading enzymes. Enzyme treatment decreased ruminal pH (linear, P < .001) and increased ammonia N (quadratic, P < .001) concentration. The ruminally soluble fraction and effective degradability of feed DM in situ were increased (quadratic response, P < .001) by enzyme treatment. Ruminal administration of EPDE increased ru-
Introduction
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Received March 26, 1999 . Accepted August 19, 1999 477 minal fluid carboxymethylcellulase and xylanase activities linearly (P < .001) and β-glucanase activity quadratically (P < .01), decreased (quadratic response, P < .05) ruminal fluid viscosity, and did not affect (P > .05) ruminal fluid amylase activity. Elevated levels of fibrolytic activities in the rumen resulted in increased (quadratic, P < .001) carboxymethylcellulase, xylanase, and β-glucanase (P < .01) activities in duodenal digesta. Duodenal amylase activity and reducing sugar concentration were also increased (quadratic responses, P < .001 and P < .05, respectively) by EPDE. Xylanase activity of fecal DM was increased linearly (P < .05) with increasing ruminal EPDE levels. Apparent digestibilities of DM, crude protein, and NDF were not affected by EPDE supplementation. Enzyme treatment did not affect (P > .05) urinary excretion of allantoin and uric acid, or concentrations of glucose and urea in blood.
lytic degradation in the rumen (Chesson, 1994) . We have shown that some EPDE resist microbial proteolysis in the rumen long enough to escape the reticulorumen, demonstrate stability in the abomasum, and increase duodenal xylanase activity (Hristov et al., 1997 (Hristov et al., , 1998b . Barley grain-based feedlot diets can produce high ruminal β-glucan concentrations. If poorly utilized in the rumen, β-glucans may impair digestion and depress nutrient absorption in the small intestine by altering pH, rate of transit, and viscosity of digesta, by affecting digestive enzymes, or by interacting with the intestinal surface. Highly viscous polysaccharides decrease accessibility of absorbable nutrients to the mucosal surface (Jenkins et al., 1978; Kelsay et al., 1978) and may alter the morphology of intestinal surfaces (Cassidy et al., 1981) . This could affect enzyme activities and gastrointestinal hormone release (Vahouny and Cassidy, 1985; Goodlad et al., 1987) . By reducing solute diffusion rates (Fengler and Marquardt, 1988) , soluble polysaccharides may also retard nutrient assimilation in vivo (Bedford and Classen, 1992) . This experiment was conducted to determine whether ruminally dosing a β-glucanase preparation would increase EPDE activity in the duodenum or feces, possibly improving digestion of a barley grain-based diet for cattle.
Materials and Methods

Animals and Feeding
Animals involved in this experiment were cared for according to the guidelines of the Canadian Council on Animal Care (CCAC, 1993) . The study used eight ruminally cannulated Angus and Shorthorn heifers (live weight, x ± SE, 526 ± 20.1 kg), four of which were also equipped with T-shaped duodenal cannulas, placed 5 cm distal to the pylorus. The heifers were given ad libitum access (by ensuring orts of 5% of the amount fed daily) to a barley grain/barley silage diet (Table 1) offered in meals at 0900 and 1600 daily. The heifers were blocked into two groups of four and randomly allotted to treatments in two 4 × 4 Latin squares, with Square 1 involving heifers with ruminal and duodenal cannulas and Square 2 involving heifers bearing ruminal cannulas only. Treatments were 0 (control), 100, 200, or 400 g/d of an enzyme product (GNC Bioferm, Saskatoon, SK) administered at 0900 daily by direct introduction into the rumen through the cannula. The enzyme product, marketed as a β-glucanase, contained the following activities (expressed as nanomoles of reducing sugars [RS] released from 1 mg of product per min under standard assay conditions, as described below): carboxymethylcellulase (CMCase, 41.4), xylanase (336.6), , and amylase (46.3), as well as a trace amount of protease activity (5.2 units/mg) as determined with the method of Smibert and Krieg (1994) . Each experimental period was 28 d, comprising 14 d of adaptation and 14 d of sample collection.
Sampling and Analyses
Feed samples were collected weekly and combined for each period. Dry matter was determined by ovendrying at 65°C to a constant weight. Samples were ground through a 1-mm screen and analyzed for CP and NDF, using Procedure A (Van Soest et al., 1991) . A heat-stable α-amylase (A-3306, Sigma Chemical Co., St. Louis, MO) was used in the NDF analysis, and ash content was excluded. Prior to N analysis, samples were pulverized in a Pulverisette 7 Planetary micromill (Fritsch GmbH Laborgeratebau, Idar-Oberstein, Germany). Nitrogen was analyzed by combustion analysis on a nitrogen analyzer 1500 (Carlo Erba Instruments, Milan, Italy).
To estimate total tract nutrient digestibility, feces were collected from d 15 to 21 of each period. After weighing, subsamples (10%) were retained for analyses. Of the subsamples, 5% was frozen at −40°C for enzyme analysis, and the remainder was dried and analyzed as described for feed samples. Urine was collected using Foley catheters from d 15 to 20 into 500 mL of 1 M H 2 SO 4 . After volume was recorded, subsamples of urine were diluted with distilled water for analysis of uric acid (1:10 dilution) and allantoin (1:100). Urine samples were stored frozen at −40°C. Uric acid was analyzed enzymatically (product 685-20, Sigma Chemical Co.). Allantoin concentration was determined semiautomatically using the method of Lindberg and Jansson (1989) , as modified by Hristov et al. (1998b) . Heifers were weighed at the beginning of the experiment and at the end of each period.
Samples of ruminal contents were collected from all eight heifers on d 22, 23, and 24 of each period. On each of the 3 d, samples were collected immediately before (0 h) and 2, 4, and 6 h after intraruminal administration of EPDE. Whole ruminal contents (approximately 200 g from the bottom of the ventral rumen sac and 200 g from the reticulum) were combined and squeezed through two layers of cheesecloth. The pH of the filtrate was recorded, then subsamples were frozen at −40°C for determinations of enzyme activities and viscosity. Additional subsamples of filtrate (30 mL) were mixed with 2.25 mL of 65% trichloroacetic acid, stored on ice for 30 min, and centrifuged (28,000 × g; 4°C; 15 min). The supernatants were frozen at −40°C until they were analyzed for ammonia N, total free amino acids (Broderick and Kang, 1980) , and RS (Hristov et al., 1998b) . Subsamples of filtrate were also analyzed for VFA concentration as described by McAllister et al. (1992) and preserved for enumeration of protozoa by combining with two volumes of methyl green-formalin-saline solution (Ogimoto and Imai, 1981) . Protozoa were counted in a Fuchs-Risenthal counting chamber (Hausser Scientific Partnership, Horsham, PA).
Samples of duodenal digesta were collected from the four duodenally cannulated heifers at the same sampling times used for ruminal contents. Duodenal samples were filtered through two layers of cheesecloth, and subsamples were frozen immediately at −40°C for determination of viscosity, enzymatic activities, and RS concentrations. At the time of analysis, the filtered ruminal and duodenal content samples were thawed, soni-cated for 90 s in three 30-s intervals (VibraCell sonicator, Sonics & Materials, Danbury, CT), and centrifuged (11,220 × g; 4°C; 10 min). The cell-free supernatants were analyzed for polysaccharide-degrading enzyme (PDE) activities as described by Hristov et al. (1998b) . For viscosity determinations, ruminal and duodenal samples were processed as for enzyme activities, except the sonication step was omitted. Viscosity was measured with a cone/plate viscometer (DV-II+, Brookfield Engineering Laboratories, Stoughton, MA).
Frozen fecal samples were combined for heifer and period, freeze-dried, and analyzed for PDE activities as described for ruminal and duodenal samples, except that 150 mg of dried fecal sample were incubated with 4 mL of substrate solution and 2 mL of buffer (Hristov et al., 1998b) .
The fractional outflow rate of ruminal liquid was determined using cobalt as a marker. On d 25 of each period, 2.5 g of Co (as Co/Li-EDTA, Udén et al., 1980) dissolved in 500 mL of tap water was dosed into the rumen of each heifer at the time of the morning feeding. Ruminal content samples were taken 0, 1.5, 3, 6, 9, and 12 h after dosing and filtered through polyester fabric with a 105-m pore size. After addition of formalin to 1% (vol/vol) final concentration, the liquid fractions were frozen at −40°C until analysis. Thawed samples were centrifuged (11,220 × g), and Co was determined in the supernatant by atomic absorption spectrophotometry (Perkin Elmer Corp., 1976) . Rumen liquid fractional outflow rate (k) was computed by linear regression of ln[Co concentration] against time of sampling. The mean retention time of liquid in the reticulorumen was calculated as 1/k.
Ruminal disappearance of dietary DM was determined using the nylon bag technique. The nonlinear model fitted to the rumen DM disappearance data was that of Ørskov and McDonald (1979) :
where P denotes proportion (%) of the material degraded (lost through the bag) at time t; a is the ruminally soluble, readily degradable fraction (%); b is the insoluble, potentially degradable fraction (%); and c is the degradation constant for fraction b (/h). Kinetic parameters were estimated by fitting the Ørskov model to the nylon bag data using SigmaPlot 5.0 (SPSS Inc., Chicago, IL). Effective degradability of DM (ED) was determined using the following equation:
where a, b, and c are constants from the nonlinear model described above and k is the particle flow rate constant assumed to be .05/h (as derived by Hristov and Broderick [1996] by plotting ln [Yb] in rumen solid phase vs time to a linear regression). Fresh samples of the basal diet (equivalent to 5 g of DM) were weighed into polyester bags and incubated in the rumen for 0, 3, 18, 24, or 48 h (in triplicate for each heifer and time). The material and design of the bags and washing procedure are described elsewhere (Stanford et al., 1996) . On d 26 and 27 of each period, blood samples were taken from a jugular vein before (0 h) and 6 h after EPDE administration. Plasma was collected after centrifugation at 1,500 × g for 40 min, frozen at −40°C, and later analyzed for glucose (as RS) and urea nitrogen (Hristov et al., 1998b) .
Statistical Analysis
Data were analyzed as a replicated 4 × 4 Latin square (or as a single 4 × 4 Latin square, for the duodenal data) with the GLM procedure with square, animal within square, period, animal, and treatment as main effects, time of sampling as a subplot, and time × treatment interactions included. Means were separated with the least significant difference method. Contrast coefficients were selected for unequally spaced treatments (SAS, 1990) . Ruminal and duodenal data were averaged for the three sampling days and the mean was used for statistical analysis.
Results
Ruminal pH decreased linearly (P < .001) with EPDE supplementation (Table 2 ) and the effect of the EPDE was dependent on time of sampling (interaction, P < .001). Average concentration of ammonia N was below 25 mg/L and responded quadratically (P < .001) to EPDE administration. The effect of EPDE on concentrations of free amino acids in ruminal fluid varied with the level of enzyme (cubic response, P < .001). Ruminal pH and ammonia N concentration decreased (P < .001) after feeding ( Figure 1 ). Supplementation with EPDE elicited responses in concentrations of total VFA (cubic effect, P < .05; interaction with time, P > .05) and of acetate (cubic effect, P < .01; interaction with time, P < .05) ( Table 2) . Total VFA concentration ( Figure 1 ) and acetate concentration were elevated (P < .001) after feeding. Neither propionate concentration nor acetate:propionate ratio was affected (P > .05) by treatment. Protozoal population was not affected (P > .05) by time after feeding/EPDE administration but varied (cubic effect, P < .001) with level of EPDE (Table 2, Figure 1 ). Outflow rate of the liquid phase of ruminal contents was not affected by EPDE supplementation (P > .05).
The rumen soluble and readily degradable fraction of DM increased (quadratic response, P < .001) with EPDE (Table 2) . Enzyme treatment at 100 g/d increased the soluble fraction by 17 percentage units compared to control. Consistent with the marked increase in soluble fraction, the insoluble, potentially degradable fraction of DM decreased linearly (P < .001) with increasing EPDE. Exogenous enzymes did not affect (P > .05) the rate of disappearance of the potentially degradable fraction of DM. Effective degradability of dietary DM was Contrasts: L, Q, and C = linear, quadratic, and cubic effects of supplemental EPDE, and effect of time after enzyme dosing; †, *, **, and *** = P < .10, .05, .01, and .001, respectively. NS = not significant (P > .10). (Ørskov and McDonald, 1979) , and k is the particle flow rate, assumed to be .05/h (Hristov and Broderick, 1996) . increased (quadratic response, P < .05) by EPDE supplementation, but as with the soluble fraction, this effect was minimal at enzyme levels greater than 100 g/d.
Xylanase, β-glucanase, amylase, and CMCase activities accounted for 34, 30, 28, and 8%, respectively, of the ruminal PDE activities measured in control samples in this study (Table 3) . With EPDE supplementation, fibrolytic activities in ruminal fluid were increased linearly (P < .001), except β-glucanase, for which the response was quadratic (P < .01); no treatment × time interaction was detected (P > .05). The slopes of the response were .022, .283, and .099 and the intercepts were 44.3, 195.4, and 160.5 for CMCase, xylanase, and β-glucanase, respectively. Ruminal amylase activity was not affected by EPDE treatment or time (P > .05), but the main effects interacted (P < .05). Ruminal fluid RS concentration and viscosity related quadratically (P < .001 and P < .05, respectively) to increasing levels of EPDE. The effect of EPDE on ruminal fluid viscosity was dependent on time after enzyme supplementation and feeding (P < .01). The highest ruminal xylanase and β-glucanase activities (Figure 2 ) and RS concentrations (data not shown) occurred at the first sampling, 2 h after feeding/administration of EPDE (P < .001); they declined thereafter.
Fibrolytic enzyme activities in duodenal digesta (Table 3) increased quadratically with intraruminal EPDE (P < .001 for CMCase and xylanase; interaction with time of sampling, P < .001; P < .01 for β-glucanase; interaction with time, P < .001). Xylanase activity was not detected in digesta from control heifers, but it averaged 37.4 nmol RS/(mLؒmin) in heifers receiving 400 g/d of EPDE. The highest xylanase activity was observed 2 h after EPDE supplementation (Figure 2) , when it reached 73 nmol RS/(mLؒmin). Amylase activities in duodenal digesta also increased with EPDE (quadratic response, P < .01), but interaction with time of sampling was insignificant. Absolute amylase activities were low compared to the other activities measured. Maximal duodenal xylanase and β-glucanase activities were observed 2 h after EPDE supplementation (P < .001). The concentration of RS in duodenal digesta was increased quadratically (P < .05; interaction with time of sampling, P < .05) by EPDE. The peak (P < .001) was observed 2 h after feeding and enzyme administration (data not shown). Viscosity of digesta entering the duodenum varied (cubic response, P < .001) with increasing intraruminal EPDE supplement. Digesta viscosity was reduced by 15% (P < .001) on the 400 d/g EPDE treatment.
Fecal CMCase, β-glucanase, and amylase activities were not affected (P > .05) by EPDE (Table 3) . Ruminal EPDE administration linearly increased (P < .05) xylanase activity detected in feces. Fecal samples from heifers receiving 400 g/d of EPDE exhibited 36.7% higher xylanase activity than did samples from control animals.
Dry matter intake averaged 8 kg/d and was not affected (P > .05) by EPDE supplementation (Table 4) . Apparent digestibility of DM tended to be quadratically related to EPDE level (P < .1). Treatment did not affect (P > .05) apparent digestibilities of dietary CP or NDF. Glucose and urea in plasma and urinary excretion of allantoin and uric acid were also not affected (P > .05) by EPDE supplementation.
Discussion
Ruminal Fermentation
Ruminal pH was reduced by administration of EPDE, but their effect on VFA concentration was less clear. The decline in pH due to enzyme application was strongly dependent on the time after EPDE treatment; the effect was greatest 2 h after feeding/EPDE supple- Table 2 .
mentation. The observed interaction of treatment and sampling time was likely a result of the more rapid fermentation of carbohydrates liberated with the highest level of enzyme supplementation. This difference in the availability of carbohydrates for fermentation may also account for differences among treatments in the production of acetate, microbial growth, and subsequent enzyme activities over time. Lewis et al. (1996) also reported decreased ruminal pH in steers fed EPDEtreated grass forage, but Broderick et al. (1997) did not find any effect of elevated levels of EPDE on ruminal pH, ammonia N, or free amino acid concentrations. Lewis et al. (1996) observed that enzyme treatment significantly increased total VFA concentration in the rumen with no shift in molar proportions. In the present experiment, EPDE tended to increase butyrate levels (by 20% at 400 g/d) compared to the control, similar to our observations in an earlier experiment in which treating feed with xylanase tended to increase ruminal butyrate concentration (Hristov et al., 1998b) . In the Contrasts: L, Q, and C = linear, quadratic, and cubic effect of supplemental EPDE, and effect of time after enzyme dosing; †, *, **, and *** = P < .10, .05, .01, and .001, respectively. NS = not significant (P > .10). present experiment, no relationship between ruminal butyrate concentration and protozoal numbers was detected. Other research has revealed both increases and decreases in butyrate concentrations in association with protozoal populations (reviewed by Williams and Coleman, 1992) . From these inconsistencies, those authors concluded that changes in fermentation profiles are apparently not directly attributable to the protozoa, but rather to concomitant changes in rumen bacterial populations.
The soluble and easily degradable fraction of DM, as measured with the in situ method, was increased by ruminal administration of EPDE. Accordingly, the size of the insoluble and potentially degradable fraction of DM was reduced by EPDE, relative to control. Exogenous PDE enhanced the effective degradability of dietary DM by 10.5 to 15.6%. A rapid release of available carbohydrates in the rumen as a result of EPDE supplementation could be advantageous for microbial growth (Khalili and Huhtanen, 1991) but could inhibit ruminal fiber digestion (Robinson et al., 1987; Bines et al., 1988; Martin and Michalet-Doreau, 1996) . In previous experiments with different types of enzymes and considerably lower application rates, we did not observe an improvement in ruminal degradability of DM (Hristov et al., 1996a,b; 1998b) . Feng et al. (1996) did not find an increase in the extent of in situ DM or NDF disappearance of dry, fresh, or wilted EPDE-treated grass, compared to an untreated control, after 96 h of incubation in the rumen. In another study from the same group, in situ DM and NDF disappearance averaged across all treatments was increased by EPDE treatment, but the individual enzyme treatments were not different from the control (Lewis et al., 1996) .
Polysaccharide-Degrading Enzyme Activities
Carboxymethylcellulase activity was low in the studied fraction of ruminal contents and, relative to xylanase, was less affected by EPDE addition. This could be explained by the fact that the enzyme product used is not a typical cellulase (see Materials and Methods). The increase in enzyme activities measured in this experiment could result not only directly from EPDE supplementation but also from an indirect increase in ruminal microbial activities caused by EPDE. Varel et al. (1993) found increased cellulolytic bacterial counts when Aspergillus oryzae fermentation extract was added to in vitro incubation media. Lactating cows fed 70% forage:30% concentrate diets had CMCase activities in ruminal fluid similar to the ones found in this experiment: 42 and 44 nmol RS released/(mLؒmin) for alfalfa hay-and silage-based diets, respectively (Hristov et al., 1998a) . Martin and Michalet-Doreau (1995) reported similar CMCase activities in solid-adherent rumen microorganisms after feeding all hay or 65% hay:35% barley grain diets. There is little apparent difference in the absolute CMCase activity of ruminal Table 3 . Contrasts: L, Q, and C = linear, quadratic, and cubic effects of supplemental EPDE; † = P < .10; NS = not significant (P > .10).
b Digestibility corrected for DM, CP, or NDF supplied by EPDE (enzyme treatments).
contents among diets, but the higher concentration of DM with high-grain diets results in a lower CMCase activity on a DM basis compared to high-forage diets (Hristov et al., 1999) .
In the present experiment, CMCase activities in duodenal digesta were low, compared to their respective xylanase activities; only at 400 g/d did EDPE substantially increase the amount of CMCase at the duodenum. The peak in CMCase activity in duodenal digesta was detected 2 h after ruminal administration of EPDE, suggesting rapid outflow of the enzyme from the rumen. Given that the enzymes in the crude preparation used in this experiment are water-soluble, it is evident that at least a portion of them flow with the liquid phase of the ruminal contents. This is consistent with our previous observations that, due to the rapid outflow of the liquid from the rumen, water-soluble proteins could escape ruminal fermentation even though they are susceptible to proteolysis (Hristov and Broderick, 1996) . Recently, Volden et al. (1998) reported rapid (1 h) and comparatively high (up to 31%) ruminal escape of unprotected supplemental amino acids in dairy cows. Despite the probable high escape of enzymes from the rumen, CMCase activity in duodenal digesta was low in the present experiment; this was likely due to inactivation in the low pH/pepsin environment of the abomasum (Hristov et al., 1997) . In a previous study, we found comparatively low recovery of exogenous CMCase activities infused directly into the abomasum of cattle (Hristov et al., 1998b) .
Xylanase activity of ruminal fluid with 100 g/d of EPDE was increased by 32.5%, compared to control, but increasing the EPDE levels two and four times further increased xylanase activity by only 11.3 and 26.9%, respectively. In contrast, EPDE at 200 and 400 g/d increased duodenal xylanase activities by 104 and 457%, as compared to the 100 g/d treatment; xylanase activity was not detected in duodenal digesta from control heifers. Concentration-dependent differences in the flow of enzymes with the fluid fraction of digesta may account for the treatment × time interactions observed for duodenal enzyme activities. In our previous experiments, xylanase was the only enzyme examined that was resistant enough to ruminal and abomasal digestion to effect a significant increase in activity at the duodenum (Hristov et al., 1997; 1998b) . Similar high proteolytic stability of exogenous xylanases in vitro was reported by Fontes et al. (1995) and in nonruminant animals by Inborr et al. (1994) . With EPDE at 400 g/ d, the xylanase activity in duodenal digesta reached a peak of 73 nmol RS released/(mLؒmin) 2 h after the enzyme was administered into the rumen. Ruminal xylanase activity on that treatment peaked at the same sampling time, at 405 nmol RS released/(mLؒmin). Thus, the peak activity in duodenal digesta was 18% of the peak activity in ruminal fluid. Over the 6 h of sampling, the average xylanase activity in digesta from heifers receiving 100 g/d of EPDE was only 2.8% of the respective average activity in the rumen, whereas this percentage increased to 5.2 and to 12.5% when 200 and 400 g/d of EPDE, respectively, were administered. This observation suggests that increasing the degree of saturation of the rumen with EPDE increased the probability of EPDE escaping to the lower digestive tract. This phenomenon was observed with CMCase and β-glucanase activities as well. It must be noted that, in the present experiment, only concentrations of enzymes in duodenal digesta were measured. Fluctuations in total flow could also affect enzyme concentrations in digesta to a certain extent. In the conditions of the present experiment, in which animals had free access to feed and water independent of the treatment to which they were exposed, fluctuations in digesta flow should have been predominantly circadian rather than treatmentrelated.
Recently, Mir et al. (1998) reported that viscosity of duodenal digesta in cattle increased as the level of barley grain in the diet was increased. In the present study, β-glucanase activities of ruminal fluid were of a magnitude comparable to that of the xylanase activities measured in this phase. On forage-based diets, β-glucanase activities did not exceed 60 to 70% of the xylanase activities measured in strained ruminal fluid (Hristov et al., 1998a) . Despite the high ruminal β-glucanase activity in the control treatment, addition of EPDE in the present experiment linearly increased this activity in the fluid phase and reduced the viscosity of ruminal contents. Maximum β-glucanase activity in duodenal digesta occurred with EPDE at 400 g/d, reaching 67 nmol RS released/(mLؒmin), or 27% of the peak activity recorded in the rumen. The average activity in duodenal digesta was 14% of ruminal β-glucanase activity, suggesting that this enzyme had a ruminal escape similar to that of xylanase. With a different enzyme source and combination (xylanases and cellulases), diet (60% forage:40% concentrate), and type of animal (lactating cow), we found that ruminal escape of β-glucanase was low compared to that of xylanases (Hristov et al., 1997) . This indicates that ruminal and abomasal stability of an enzyme within a crude preparation will depend strongly on enzyme source and origin and a combination of other factors such as diet, level of feeding, and metabolic status of the animal.
Compared to forage-based diets (Hristov et al., 1998a) , the amylase activity measured in this experiment was considerably higher: 141 nmol RS released/ (mLؒmin) vs 24 nmol RS released/(mLؒmin). Martin and Michalet-Doreau (1995) also reported a dramatic increase in amylase activity of ruminal microorganisms when grain was supplemented to a hay diet. In the present experiment, amylase activity in the rumen did not differ among treatments, but a small, significant increase in amylase activity of duodenal digesta was observed with EPDE at 400 g/d.
Responses in viscosity of duodenal digesta to the EPDE-mediated increases in duodenal enzyme activities were also variable. At the highest level of EPDE supplementation, viscosity of digesta was reduced by 15% compared to the control. High viscosity of intestinal digesta in avian species fed barley diets depresses absorption of nutrients, an impediment that can be overcome with enzyme supplementation (Campbell and Bedford, 1992) . It seems likely that the treatment × time interaction observed for viscosity is a reflection of the treatment × time interaction that was observed for fibrolytic enzymes at the duodenum. However, the impact of viscosity on digestion in feedlot cattle finished on diets containing up to 90% barley grain has rarely been studied. Mir et al. (1998) recently reported a significant increase in viscosity of duodenal digesta (from 1.42 to 2.01 centipoises, cP) in cattle fed increasing proportions of barley grain (from 20 to 80%, DM basis). However, in the Mir et al. (1998) study and in the present experiment, the viscosity of digesta entering the small intestine was substantially lower than the viscosity of intestinal digesta in poultry. For example, broilers fed a 70% barley grain diet had intestinal viscosity of 6.6 cP (Svihus et al., 1997) . In that experiment, addition of an enzyme (containing β-glucanases and xylanases) reduced viscosity of the digesta by 50%. In another study, viscosity of intestinal contents in broilers fed barley-based diets was as high as 29 cP and was reduced to 3 cP by addition of an enzyme (Graham, 1996) . Viscosities of duodenal digesta in poultry reported by Svihus et al. (1997) and Graham (1996) were 3.8 and 16.6 times greater, respectively, than the values for heifers in the control group of the present study. Thus, intestinal viscosity may not be a factor limiting nutrient absorption in cattle.
The xylanase activity of fecal DM was linearly increased with increasing level of ruminal EPDE supplementation. These data suggest partial resistance of certain exogenous xylanases to inactivation in the digestive tract of ruminants. Although fecal xylanase activity was 36.7% higher with the 400 g/d EPDE treatment, compared to the control, this activity was only .4% of the average control-corrected activities originally added to the rumen, calculated as follows:
where AFX = apparent, control-corrected average xylanase recovery in the feces; EAFDM = average enzyme activity of fecal DM (nmol RS released/[mgؒmin]) less average enzyme activity of the feces from control animals; FDMO = average fecal DM output (mg/d); and EAR = xylanase activities administered in the rumen (nmol RS released/min) defined as activity of EPDE (nmol RS released/[mgؒmin]) × amount of EPDE dosed [mg/d] ). Because the polysaccharide-degrading activities of duodenal digesta were negligible for the control treatment, we concluded that the comparatively high activities found in fecal DM originate within the intestinal tract, likely arising from the microbial populations in the large intestine. Although the recovery of the ruminally administered activity was low, the increase in xylanase activities of fecal DM over the control suggests increased amounts of these enzymes in the entire intestinal tract of heifers receiving 400 g/d EPDE.
Apparent Digestibility of Nutrients
At 100 g/d, EPDE tended to have a positive effect on apparent digestibility of dietary DM. Numerically, digestibility of CP and NDF were also slightly increased (P > .05) as a result of 100 g/d EPDE supplementation (by 2.2 and 2.6%, respectively). Compared to the increase in EPDE activities in digesta entering the duodenum, the effect on DM digestibility was marginal. Ruminal digestion of DM (as measured with the in situ method) was significantly increased by all levels of EPDE; thus, it could be speculated that administering EPDE may have negatively affected intestinal digestion of DM and its constituents. In a previous experiment, we observed the opposite effect. Abomasal infusion of a combination of EPDE tended to reduce effective degradability of DM in the rumen (by 2% in situ), but total tract digestibility was numerically higher (+ 2.5%, P > .05) compared to control (Hristov et al., 1998b) . Beauchemin et al. (1999) found a similar trend toward increased intestinal digestibility when a mixed forage/ concentrate diet was treated with EPDE. Feng et al. (1996) and Lewis et al. (1996) reported increased apparent digestibility of DM, NDF, and ADF of enzymetreated grass forage fed to steers. Treatment of barley grain 0 h before feeding did not significantly affect nutrient digestibility (Lewis et al., 1996) . With an alfalfa silage-based diet, Broderick et al. (1997) reported no effect of EPDE on in vivo digestion of dietary NDF and ADF. The latter authors did not find a decrease in fiber content of silage samples over the 24 h subsequent to treatment. Beauchemin et al. (1995) reported a 36% increase in ADG of steers fed EPDE-treated timothy hay. The effect was attributed to a 17% increase in ADF digestibility. In this latter experiment, digestible DMI was increased by 14% with the highest EPDE application rate, but the response to level of enzyme was not consistent. Apparently, there are three major phases of the digestive process through which an exogenous enzyme could affect nutrient utilization in ruminants. These include the feed (prior to consumption by the animal); the rumen, where an EPDE could directly hydrolyze feed or enhance the indigenous microbial enzymatic activity; and the intestine, where EPDE could contribute directly to digestion and enhance nutrient utilization. Where and whether an EPDE preparation will directly or indirectly affect digestion will depend on the type and amount of activities contained in the crude product, type of diet fed, and physiological status of the animal.
In this experiment we did not find adequate evidence to support our hypothesis of postruminal effect of EPDE. Apparent digestion of nutrients was not related to ruminal or duodenal levels of EPDE, and intestinal digestion might have been depressed by high levels of EPDE supplementation. The increased xylanase activ-ity in fecal DM suggests that exogenous xylanases are at least partially resistant to intestinal proteases.
Implications
In theory, exogenous polysaccharide-degrading enzymes could benefit ruminants not only by modifying the feed but also as a result of the enzymes' resistance to proteolysis and potential to improve nutrient digestion postruminally. Increased ruminal levels of a xylanase and β-glucanase resulted in a linear increase in fibrolytic activities in duodenal digesta. However, this increase was not sufficient to increase apparent digestion of dietary nutrients. Thus, under the conditions of our study, ruminally dosed xylanase and β-glucanase enzymes did not seem to improve digestion in the small intestine and did not seem to limit nutrient absorption of high barley grain-based diets.
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